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ABSTRACT

The Jlrillirmt Eyes Tern-Kelvin Sorption Cryocoolcr Experiment (131 H’SCK) is
being dtwe.lopod for a future sprIce shuttle flight to demons[rtite 10 K sorption cooler
technology in a microgravity  environment. Three hydride beds circulate hydrogem
through Lhe, various operation modes of the 10 K periodic cryocoolcr. Two beds, a fast
absorption bed filled with LaNi4. &O.2  alloy and a low pressure bcd with ZrNi as the
sorbcnt material, soquentiall y absorb h ydrog,cn to drop the pressu~’ from 0.25 MPa to
below 0.2 I&a within two minutes. ‘JIC low pressure, bed also maintains the refrigerant
pressure tit <0.2 kPa as solid hydrogen sublimes with T<l 1 K. The third bed, w}lich is
filled with the LaNi4.fjSno.2 alloy, colle.c[s the hydrogc.n from the other beds at nominal
0.1-0.15 MPa in order to compress it m 10 MPa for transfer to a s[rmagc reservoir. I%ch
bed incorporates design features that enhance heat trtinsfer and hydrogen gas flow in
ordc,r to me~t performance goals. The three. hydride beds and the complete sorbenl bed
assembly (SRA) have bcmr built ~nd the. beds were tested in the laboratory. I>uring
memuremc.nts under various reaction cortditions including those that simuktte flight
operation, (he hydride beds were. found m have rcvmsible hydrogen storage capac~tics
that exceed the BET!3CE system requirements. The hydrogen tibsorption kinc(ics permit
the absorption of appropriate qutintitie.s of hydrogen to meet the cool down g,oal of’ 10 K
within 2 minutes. The complctcd SJIA has been in[egrawd with the other components of
the llETSCH cryogenic refrigerator for systcm ground Wsting.

1NTROD1JCTION

Sorption cryocoolcr technology provides opportunities for reliable, low vibration,
and Iong-life cryogenic cooling of spacccrtift borne infrared sensors. In those
applications which involve intermittent opera~ion at the low ten~pe.raturm,  Ihc rapid cool
down capability and low average power consumption of a closed-cycle periodic sorplion
cryocooler is c,spc.cially attractive. Johnson and Joncs( 1 J rcctmtl y proposed a novel
sorption cryocooler concept to gcncratc quick periodic cooling from nominal 6S K m 10
K via [ho.

Y
uenth+l formation of liquid and solid hydmgc.n by the Joule-Thon~son (J-3’)

expansion o hydrogen gas. In a crucial verification that a ZrNi hydride sorption pump
can be used to solidify and cool the condensed hydrogen refrigerant, Wu, el al. [2]
achieved mmpcratures below 10 K in lCSS than 2 ntinutes and maintained simulated
.scnsor hwtt loads of 150 mW below 11 K for over 30 minutes. Jn order m advance the
pc,riodic 10 K sorption concept towards applicability in surveilltince smelliles missions,
[he, Mlliant Eyes Ten-Kelvin Sorption Cryocoolcr Experiment (J3ETSCE) program was
undertaken to design tmcl build a demonstration system for ear[h orbiting oper~ltion. “l’he,
ob.jtxtive.s and key trxhnology  issues thal arc addrcs.sed by the BEIXX project were
described in ctcpth at [hc 7th Intcmatiorml Cryocooler Confcrcncc[3,4].
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A critical component of the BETSCX cryocooler is the sorbcnt bcd assembly
(SBA) which consisLs of three indcpcndcnt  metal hydrkk beds thal arc mounted cm a
support baseplate. A separate radiator is connected to each bed to reject heat released
during hydrogen absorption and as the beds cool after the desorpthm step. Wade, et al.
[5] have thoroughly dcscribcd (hc desired SBA pcrforn]ance goals and the various design
features lhat have been incorporated to cnhanrx hydrogen gas flow and thcmal transfer
within k sorbent beds. The present paper covers lhc fabrication of the SD A hardware
and reports [hc mstdts obtuined during laboratory tests on the individual sorbent beds. 1(
was found that the hydrogen absorption capacities and reaction mtcs for each bed
exceeded the. re~uircmcnts that had been originally spccified[3,4] for the BFTSCE
cryocooler.

SBA IMVSCR1PTION AND FABRICATION

The BETSCE sorbcnt bed assembly includc~ a fast absorption bed and a high
prcssuw bed that both contain LaNi4.@rfJ.2  alloy powder as the hydrogen sorbenl
material and a low ressutc bed with ZrNi as lhc sorbent, As shown in Fit,urc 1, the S13A

Jhas the thmc hydri e beds mounted on a baseplaw along with an individual wciiator
panel, a manual isohition valve, and a pressure transducer on each bed. Supply lines from
the SIIA are connccted[3,4]  to the, J-T cryostat assembly via a tank tmd valve assembly.
A total of 8 type E thermocouples and 14 pla[inum resistance t}iermwncters are auachcd
to the three beds and their radiators, /M discussed previously[5], Lhc design of each bed
was driven by not only the achievement{ of numcmus hydrogen absorption and
dcsorption rformance goals but with a simultaneous satisfaction of “two fault-tolerant”

Yspace shutt e safety requirements. In particular, all vessel wall thicknesses were selected
for 34 MPa proof prewurcs and hydride powder containment was addressed to avoid
possible compaction and polenlial stress generation on the container walls as the hydride
phases expand with hydrogen absorption[5]. Since the design details as well as Ow
underlying rationale for their sckctiorr have been reported elsewherc{5], only a brief
overview of just the kcy functions and components arc given in this paper.

The hydride beds conlained the alloy powders in welded cylindrical pressure
vcs.sels fabricated from 316L stainless stecl(SS). Figure 2 gives schema[ic cross-sectional
views of the three beds along wi[h their kcy performance partrrnetcrs and rexquiremcnts.
The. radial geomctrks are used to e.nhancc [he hydrogen and heat flows in the. powder
beds for the indicated transfer conditions, Tubular filters ol’ porous 3161. SS with 2
micron pore dimensions confine the ~owdcr m the allocated regions indicaied in liigurc 2.
The removal of the heat released during hydrogen absorption by the tilloys is parmnount
to the collection of the quantities of gas at the designated pre..surcx and reaction times.
Since tie heat transfer requiremems are especially demanding for the fast absorption bed,
the hydride powder is equally distributed among seven (ubes which have coppeu fin
assemblies brazed to the tube walls as shown in Figure 3. l-hcsc tube rissemb~ics  are
in.scrtcd into an aluminum housing as indicutcd in Figure 2. The spaces between the
aluminum housing and the seven copper-finnccl tubes contain the paraffin wax n“
hexadecrme LO extract up to 157.3 kJ of the heal of reac[ion from hydrogen absorption
using the latent heat of fusion as this previously frozen phase change material (PCM)
melts.

The high pressure and low pressure hydride containers are surrounded by 3.8 mm
annular volumes that serve. ~s gas-gap heat switches by giving thermal isolulion when
evacuated and allowing heat conduction to the radiators when filled with helium at
nominal 6.7 kPa pressure. Figurt 4 illustrates how the thmc heattxs and thermocouples
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are arranged on the outer wall of the hydride tubes (i.e., inner surface of the gas gaps) of
the low and high pressure beds. The bellows at the ends ollow for component expansion
and contraction during the temperawc cycling. An outer housing consisting of a 3161.
SS/Am~inum/31 61. SS inertia-welded structural form with mounting interfaces for the
radiator was welded to the stainless steel bellows at both ends to form the gas gap. The
photograph in Figure S shows the three completed hydride beds (withoul the radiators)
attached to the baseplate in approximatdy the s~me orkmtiition as given in Figure 1.

Although the individual steps in the assembly process varied considerably from
bcd to bed duc to their different configurations, many similar procedures were used to
ensure cleanliness tmd structural integrity. All handling and processing of the sorbent
alloy powdem (including filling the beds) were performed in an argon atmosphere glove
box sy~tem that main[ajncd oxygen and moisture levels below 1.0 and 0.1 ppm,
respectwely. The porous filter tubes were subjected to vacuum bakeouw and argon
purges at temperatures up to 625 K. l~lc~tron  beam welding was used to seal Lhc sorknt
beds after the powders were added. The welding chamber was flushed and back filled
with argon and during evacuation it was isolated from the diffusion pump by a liquid
nitrogen cold trap. Helium leak tests ve,nficd that no de.tectablc leak we pment af~.r
the closure welds and after the high pressure proof tests were performed. Prior to initial
exposutcs of the alloys to hydrogen gas, each bed was given a thorough bakeout using, an
oil-free turbomolecular  vacuum pump station while monitoring the evolved gases (e.g.,
H20, C02, CH4, hydrocarbons, and pump oils) with a residual gas analyzm. Although
the low and high pressure beds were heated up to 5&5 K during these vacuum bakc,outs,
the fast absorption bed was only heated to 365 K since it also contained the liquid n-
hcxadecanc PCM that could either degrade or generate exccssivc pressures if heated
above about 400 K, After bakeout, each bed at room temperature would pump to below
l(.)-~ torr. Ilmthermorc, the alloy in each bed immedirdy reacled with hydrogen upon
initial exposure and the hydrogen stoichiomeu-ie~ obtained upon completion of the first
reacxion closely correlated with previously detem~incd equilibriutn  contents of WCII
activated material.

SEA TEST RESULTS AND DEXXJSS1ON

In order to establish that individual hydride sorbem[ beds could rmzt the BE?SCE
systcm performance req]ircments[5] (which are briefly summarize-d in Figure 2) for the
quantities and kinetics of both hydrogen absorption and resorption, a test facility
containing appropriately sized calibrated reference volumes and pressure scnscn-s was
tssembled at Acrojet, A computer operated control sys[em was used to provide the
desired amounts of h@rogen that would simulate a broad range of the operating
conditions expected for each sorbent bed in the BETSCE periodic cycic [3-5]. Because
the flight radiators are ineffective under amhicnl laboratory conditions, aluminum plates
with bramd aluminum tubes were mounted at the radiator interfaces to the sorbent beds.
A temperature regulated refrigerated bathhecirculator pumped a wa\cr/ethylene glycol
solution through the tubes to provide the desired cooling. A scptiratc gas manifold was
built to provide e,ilher helium gas or vacuum usinf, an oil-fret. pump to replicam the
conditions for the flight operation of the helium gas gap switch. Conventional laboratory
electronic equipment was used 10 power the bed heaters and PRTs and record the curwnt
and voltage readings during testing. All data were collcctcd and analyzed with Labvicw
software on a Macintosh Quadra computer.

The fast absorption bed (FAB) had been filled with 922.6 grams of 1.aNi4.8Sn0,2I
powder in the seven Cu-finned tubes and with 663.5 grams of n-hcxadccarm as the phase
change material. After healing the UAEI to 363 K for several hours during a thorough
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vacuum bakcout and performing two activation cycles (i.e., hydrogen absorption
followed by vacuum desorpion),  the bcd was cooled below 280 K to freeze the I’CM.
U on subsequent exposure to hydrogcm, the cooled PAB absorbed a total of 12.5 grams
?o hydrogen at a final pressure of 4.0 atm, with 11.0 grams absorbed in the first 40

seconds. ~lc BETSCE performance goal specified [4,5] for the FAB is to absorb 8,0
grams of hydrogen within Mls while maintaining the prcsstm below 2.5 atrn. Figure 6
prwents {he hydrogen pressttm and the FAB outer sttrlacc temperatures at several
locations that were obtained during an absorption test in which 9.4 grams of hydrogen is
supplied at a constant flow of 0.117 @ between the times dcmokd by A and B. As the
hydrogen was being absorbed, the PAB wall temperature rose above the. 289 K melting
point for n-hexadecanc.  As shown in Figure 6, the FAB was able to maintain the
pressure below 2.5 atm. When the hydrogen flow was stopped at time B, the pressure
rapidly fell. Similar behavior was obswed during all the other absrmpion  tests in which
6.0 m 9.4 grams of hydrog,pn flowed into the PAR during 80s intervals. The.sc results
demonstrate (hat the FAB ]s capable of rapidly absorbing [hc hydrogen from the EWTSCE
J-T cryostat during the brief COOI down period and as the liquid phase accumulates at a
temperature below 25 K in the J-T cold tip rc-servoir. When the PAFI was heated to 350-
365 K for periods of 30-75 minutes, sufficient quantities of hydrogen were desorbcd at
pressures bctwwm 2.5-3.0 atm that the bed returned to its starting composition for another
absorption test.

The low pressure bed (LPB), which contains 228,5 grtims of ZrNi powder,
absorbed 4.57 grams of hydrogen immediate] y after its activation treatment. However in
accordance with the equilibrium pressure-composition isotherms obtained by Luo, e{
al. [6] for ZrNiHx with x<I.0 approximately 1.75 grams of hydrogen cannot be removed
from the LPB during the BETSCE procedure of heating the bed to 575-590 K for its
desorptirm at pressures in the range of 0.5- 1.0 aim. Furthmnom, the increase in the
ZrNiHx equihbrium pressure [6] when x>2.3 limits the amount of hydrogen that the LPI]
can absorb before exceeding the IWTSCE goal of maintaining lhe prcssu~ts  over solid
hydrogen to below 2.() tom. Hence, the maximum rcvcrsiblc capacity of the I*PB during
conditions corresponding to operation in H BETSCE cycle[4,5] is about 2.0 grams of
hydrogen which rcflczts the composition change in ZrNil{x over the rang,c 1.OCxd.3,

NO. M? Lm

Results from a representative two-step absorption test of the activa(ed LP13 are
summarkd  in Figure 7. Tim prcssurv behavior is shown by portions obtained using two
gauges with w-y different ranges duc to the nearly four orders of magnitude change
during this experiment. in the initial srep, 0.55 grams of hydrqym at a starting pressure
of 2.0 atm is admitted to the LPB, which in the 40s between points A and D in Figure 7
absorbs nearly all this gas to give a m.sidual pre-ssurc of 0.5 torr (i.e., 0.067 kPa) at point
R. A constant hydrogen flow at 5,44 x 10-4 g/s is then started at time B and continues for
20 minutes. Figure 7 shows how the LPB maintains the pressure at a ncariy constant 1.S
torr (0.20 kPa) as this additional 0.65 grams cd’ hydrogen is being absorbed. The bed
temperatures are shown to rise an additional 3-5 K above the incrcasc produced during
the initial 40s burst absorption stage. Similar behavior was obscnwd  during other two-
sle.p absorption tests with up to 0.74 grams of hydrogen being absorbed by the LPB
during the first 40s burst step. The BETSCE performance goals for the I.IUI arc
absorption of up to 0.7 grams of hydrogen within 40s with the pressure ftdling to below
0.2 ICPU followed by absorption of an additional 0.6 grams during the next 10 minutes tit u
pIvssuIV not above 0.2 kPa. The results shown in Figure 7 ckwr]y dcmonswmc that the
LPB ctin quick] absorb hydrogen tit sufficiently low pressure to satisfy [hcsc goals and

{will form solid ydrogen at 10 K when integrated into the BETSCB cryocoole.r. When
heuttxl up 10588 K, the LPB desorbed bctwccn 1.0 and 1.9 grams of hydrogen
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(depending upon the amounts obsorbcd by the kl during preceding absorption tests) at
pressures around 1.0 atm.

The high pressure bed (HPB) has been filled with 1.488 Kg 01 LaNLI.8SnOe~
powder as the sorbcnt alloy rind gave an initial totul hydrogen storage capacity of 19.4
grams upon activation. In contrast to the very demanding requirements im oscd during

thydrogen absorption  by the FAB tind 1.Pll 10 permit formation of solid hy rogcn within 2
minutes, the conditions for the two absot-ptions by the HPB arc t-tither modest. The
laboratory simulation tests showed the 11P13 to bc quite capable of meeting the BETSCE
goals of first absorbing less than 1.5 grams in 30 minutes at prcssults between 0.5- 1.0
atm, followed by absorbing at Ie.ast 8.0 grams in 60 minutes at a nominal 1.5 atm
pressure. Dcsorption rests with the HPB successfully settled a critical issue whether the
HP]] could transfer a sufficient quantity (i.e., > 9,0 gmms) of hydrogen at a nominal 100
atm pre+w.tre into the BETSCE storage volume when the. heaters had limited power (i.e.,
about 180 watts) available. The response of the lIPB when heated at 179 watts is
summrtnzed  in Figure 8, The temperatures arc for three locations on the inner wall and
reveal considerable gradients. Between times A and B the HE’B is only open to a small
volume line with u high pressure transducer to wcord the de-sorption during heating. Al
time B, the HPB is opened to a 4.S Iitcr volume previously filled with hydrogen at 70
atm, which is also the preww-c generated within the heated IIPB and iL~ line at this time.
Thus, the pnxsure increase from B to C in Figure 8 corresponds to hydrogen transfer into
the standard volume until the prussure reache.. 102.5 atm. This experiment, in which 11.6
,rams of hydrogen were desorbed in less than 3 hours, simulates the reillling of the

kETSCE volume at the emd of the cool down cycle[4], O~her resorption experiments
generated nominal 100 atm pressure wilh the transfer of 10,9 -12.2 gmms of hydrogen
over 3-4 hours. Hence, the HPB produced final pressures of 100 atm and cxctxxkd the,
BETSCE performance goal of transfeming al least 9.35 grams into the storage volume
within allotted times for nominal 180 watts of heating, power.

CONCLUS1ONS

The three metal hydride sorbcnt beds for the BE1’SC13 projezt have been
fabricated and tested at Aerojet under various flight simulation conditions. The reversible
hydrogen storage capacity and absorpion-dcsorption kinetics for each individual bed
exceeded the dcx~ign goals thtit had be.n specified [4,5] to allow for the production of
solid hydrogen within 2.0 minutes fwm the initimion of a BETSCE rapid cool down
sequence. The complctcd BETSCE sorbent bcd assembly was delivered to JPL in
October, 1993. The SBA has been integrated with the other BETSC13 components for
system level functional testing at JPL, Initial laboratory tests [7j showed that hydrogen
absorption by the FAB led to the formation of liquid within 40s after the start of Lhe cool
down from a 70 K J-T coldstage tempcrattuv.  Solid hydrogen at T< 11 K was
subsequently tichieve.d within 95 s l’rom the start as the LPB tibsorbed {he hydrogen gas
evolving from the J-T clyostat. A minimum temperature of 9.56 K has been obtained and
the cold stage remained below 11 K for 20 minutes. “Ilc SBA also transftxmxi the
hydrogen gas back into the storage mscrvoir for repated blowdown experiments. These
results confirmed that the three nwtal. hydride sorbent beds were meeting (or exceeding)
all of the original 13 WESCE performance objectives.
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FIGIJRE CAPTIONS

Kigure 1. Overview of the BETSCE Sorbent Bed Assembly (SBA) on i~ mounting
ba.seplam.

Figure 2. End views of the SBA metal hydride beds with brief summaries of their 10 K
BETSCE performance requirements.

Figure 3. Components for onc of the hydride containing tubes with copper fins and
porous filter thtit comprise the fast absorptiwl  bed.

Figure 4. Ihc hydride containing ponion of the high prvssure bed with heaters and
thermocouples attached. The low pressure bed appeared nearly the same at (his stag,e of
assembly.

Figure 5. Ile three metal hydride beds arc shown mounted on the baseplaw without the
radiators.
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Figurc6.  The Mhavior ofticfast absorptiol~ hdduting arcplcwntative tibsorption run
tus 9.4 grams of hydrogen was absorbed in 80 scconcis.

Figure 7. The results obtained from the low pressure bed during a representative two
step hydrogen absorption cxpcrimcnt,

Figure 8. “11-Ic  behavior of the high pmssurc bed during, a representative dwwption run,
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